To deliver tangible sustainability outcomes, the infrastructure sector of the construction industry needs to build capacities for the creation, application and management of ever increasing knowledge. This paper intends to establish the importance and key issues of promoting sustainability through knowledge management (KM). It presents a new conceptual framework for managing sustainability knowledge to raise the awareness and direct future research in the field of transport infrastructure, one of the fast growing sectors in Australia. A holistic KM approach is adopted in this research to consider the potential to "deliver the right information to the right person at the right time" in the context of sustainable development of infrastructure. A questionnaire survey among practitioners across the nation confirmed the necessity and identified priority issues of managing knowledge for sustainability. During infrastructure development, KM can help build much needed industry consensus, develop capacity, communicate decisions, and promote specific measures for the pursuit of sustainability. Six essential elements of the KM approach and their priority issues informed the establishment of a conceptual KM framework. The transport infrastructure sector has come to realise that development must not come at the expense of environmental and social objectives. In practice however, it is facing extensive challenges to deliver what has been promised in the sustainability agenda.
professional perspectives and priorities, the lack of exemplar projects, and shortage of knowledgeable practitioners are just a few examples [13] [14] [15] [16] . Compared to other fields such as buildings, sustainability in infrastructure development has not received as much research focus as it requires [15, 17] .
Pathriage et al. [18] argue that the construction industry needs to intensify its efforts to move to a knowledge intensive mode. It is also believed that better decision-making towards sustainability goals can only be achieved when stakeholders are informed of and continuously updated with new concepts, knowledge and expertise across organisational, professional and hierarchical boundaries [19] . Furthermore, as stated by Wallace [20] , sustainability needs multi-disciplinary collaboration and innovative solutions, which are highly dependent on a knowledgeable workforce, good communication and a culture of care and innovation. There is a clear and urgent message to the infrastructure sector to not only build and expand the body of sustainability knowledge among practitioners, but also find a better way to manage it at individual, project, organization and industry sector levels.
From a functional perspective, knowledge management (KM) can be seen as a "systematic approach to manage the use of information in order to provide a continuous flow of right knowledge to the right people at the right time, enabling efficient and effective decision making in their everyday business" [21] . Despite being a relatively new concept, KM is regarded as a broad and expanding tool to manage new information in diverse contexts in industries and businesses [22, 23] . KM has shown its worth through existing applications in the building construction sector [24] [25] [26] . Various attempts have been made to develop strategies and mechanisms to manage construction knowledge [24, 27] . However as shown by earlier examples, few have incorporated sustainability issues and requirements in infrastructure works [18, [28] [29] [30] [31] .
With reference to literature and findings of related work in other construction sectors, this paper discusses results of a recent questionnaire survey among transport infrastructure practitioners which helped verify the necessity, determined priority issues and outlined focus areas for managing sustainability knowledge. They responded to six aspects of KM issues from individual professional experiences as well as project and organizational circumstances. Stemming from this finding, a conceptual framework of managing sustainability knowledge is developed for practitioners to promote a holistic KM approach to facilitate sustainability knowledge creation, capture, share and application in the Australian transport infrastructure sector. It will also be used as the foundation for on-going research work on the processes and guidelines of knowledge management specific to this industry sector.
Research Method and Data Collection

Research Focus
Knowledge needs to be managed for effective applications. Knowledge management is an expanding topic contributed by a diverse range of disciplines such as cognitive science, information technology, organisational theory, library and information sciences, and document and information management, with a multi-fold mix of strategies, tools, and techniques [22, 23, 32] . In this research context, sustainability knowledge can be defined as the type of knowledge that improves the understanding, uptake, and end results of sustainability during projects' life cycles. For transport infrastructure development, sustainability knowledge may come in the form of past experiences, design ideas, guidelines and policies, rating tools and indicators and technology innovations (Table 1) . Embedding sustainability principles for project delivery presents many challenges [17] . Wallace [20] summarised five important conditions to be met in order to improve project sustainability performance: (1) a knowledgeable and committed project owner; (2) a high-performance project team; (3) alternative procurement and contracting mechanisms; (4) high but achievable sustainability goals and objectives; and (5) access to and willingness to share knowledge and achievements. With reference to previous studies on managing knowledge in the construction industry, the authors considered how transport infrastructure development processes relate to these conditions and decided on a survey study focusing on six key KM elements as listed below:
 The body of sustainability knowledge  KM strategy  Stakeholder integration  KM process  KM enablers  Outcomes of managing sustainability knowledge
Survey Distribution
A structured questionnaire, consisting of nine sections with 37 questions, was developed to collect practitioners' opinions on the abovementioned key elements. Research objectives, methods and approach, and literature review findings guided the formulation of the survey questions. As the majority of the survey questions are concerned with the prioritisation of perspectives rather than dealing with relationships among factors, they were framed on a five-point Likert scale with the mean, frequency and standard deviation of the grouped data assessed to determine the rank order. Because of this, the analysis used simple statistics to consider Means and Standard Deviations only, rather than engaging non-parametric studies.
Respondents were selected from the main stakeholder categories involved in large transport infrastructure projects in Australia, representing both public and private sectors, e.g., general contractors, subcontractors, suppliers, government agencies, consulting firms, and clients.
The survey was conducted through an online survey tool named Survey Monkey, which helps publish surveys on a website and generate pass code and filters to collect responses.
The first distribution approach was through email. Initially, 120 potential respondents were selected from leading organisations that worked on transport development projects across Australia, using a combination of existing industry databases, online search, and recommendations from industry-based research collaborators. They were each given a login name and password to the online survey by email. The initial responses were monitored. Non-respondents were followed up during the course of the survey with email reminders. In the end, out of the 120 questionnaires mailed to the potential respondents, 18 invitations were returned undelivered and 39 received responses. A total of 31 out of the 39 responses were fully completed and considered valid for data analysis, which gives an effective response rate of 30% (31/102) in this first part.
The second distribution approach was via professional associations. AIPM (Australian Institute of Project Management) and Engineers Australia (EA) offered their assistance by including the survey information in their regular newsletters. A specific online collector was set up to collect these responses. Twenty-eight were collected during the course of the survey, out of which 18 were valid for full completion of the survey as well as fitting the required respondent profile. However, it was not possible for the researchers to identify how many potential respondents were reached through this method, and potentially, only a small percentage of AIPM and EA members may have fulfilled the requirements of this survey.
In the end, 49 valid responses were used for data analysis. This study considers the prevailing opinions and common practices of managing knowledge in order to identify priorities and portray a general picture, as the foundation for further research. Figures 1-3 shows the characteristics of the respondents. Figure 1 shows that about 70% of the respondents have more than 10 years of professional experience. Figure 2 shows that 86% of them are from engineering and project management professional backgrounds directly required and involved in infrastructure projects. This confirms the suitability and authenticity of the data collected. This also made the researchers decide not to use non-parametric analysis to consider group dynamics. Respondents are from both public and private organisations, and together represent every stakeholder type in the industry (Figure 3 ). The main portion of the respondents is from the general contractor (42.9%), which is the main stakeholder in the transport infrastructure sector. Others are from engineering firms, consulting firms and government agencies (18.4%, 16.3% and 12.2%, respectively). The category of organisation is based on self-description by the respondents, thus there might be a slight overlap between engineering firms and consulting firms as some of the consulting firms provide specialised engineering services. Only 2% represented clients of infrastructure projects. Part of the reason is that it is hard to recognise or target clients of infrastructure markets. The other is because many infrastructures are state owned or temporally owned by the private sector (e.g., BOT/PPP projects), thus some of the real clients are hidden in the contractor and government agency category.
Survey Respondents
Research Findings
The authors analysed valid questionnaires using simple statistics to portray a general picture of KM application in the transport infrastructure sector. Findings are categorised into the six key KM elements described in the last section. Accordingly they are discussed in the following six sections.
KM Strategy
Knowledge management encompasses a systematic approach to managing the use of information. In this way, it provides a continuous flow of knowledge to enable the efficient and effective decision making by key decision makers. The approach is underpinned by a KM strategy, which enables an aim and focus for KM activities [22] .
According to the results in Table 2 , the logical link and necessity of adopting KM to promote sustainablity application in infrastructure developement has again been confirmed. It is widely accepted that sustainability considerations are very important (4.47/0.58) and managing related knowledge are considered greatly helpful (4.22/0.65). Respondents also believe that achievements in sustainability contribute to organisational performance. Table 2 . Linkage between infrastructure, sustainability and KM.
Statements
Mean SD Sustainability issues need to be considered when developing infrastructure projects.
4.47 0.58 Consideration of sustainability issues can help my organisation's performance.
4.08 0.95 Managing related knowledge will help in promoting the sustainability of infrastructure projects. 4.22 0.65
My organisation currently has a KM strategy or is willing to have a KM strategy. 3.47 0.92 In my organisation, there are specific KM criteria to manage sustainability knowledge.
3.14 0.89
Note: 1-Strongly Disagree, 2-Disagree, 3-Neutral, 4-Agree, 5-Srongly Agree.
With strong competition over the volatile economic conditions in the last decade, some construction organisations have begun using KM to obtain and maintain advantages [33] . However, according to this survey, most of the infrastructure practitioners hold reservations on the current usage of KM according to their experience. In their opinion, KM is still a new concept. For the infrastructure sector, there is no general KM process or framework to follow. Table 3 shows the main impetus ranked by the respondents in promoting sustainability pursuit and application in the organisation. The biggest drivers in this regard are client awareness and requirement, business benefit, government regulation/legislation and social responsibility. Client awareness and requirement are the most important impetuses (highest mean, lowest standard deviation), something which is also frequently suggested by the literature. In real projects, if the client is not particularly interested in sustainability, the contractor usually is unlikely to actively pursue it, as the contracting industry will typically do just enough to get the project built and pushes the community or social issues back to the client. It is common that the whole development is driven by client's documentation. To truly progress sustainability, clients need to be adamant in the project proposal and be clear about the requirements.
The main barriers to the application of sustainability knowledge are listed in Table 4 . "Business benefits" is ranked second in Table 3 . This shows that sustainability will be strongly promoted if organisations can see tangible results from its application. However, as shown in Table 4 , the biggest barrier is the difficulty in measuring investment returns in regards to sustainability (4.02/1.02). As sustainability applications in transport infrastructure are still being explored, industry best practices and exemplar projects are rare. The body of knowledge provides limited underpinning for the industry to tangibly measure the input and output of sustainability. Easy-to-follow frameworks and examples should be put on top of the development agenda.
The limited understanding of the sustainability concept and the lack of consensus between stakeholders are the second big hurdles which may strongly limit people's absorptive ability and differentiating ability towards more sustainable designs and activities. Literature suggested that the lack of general and professional education is one of the reasons [17, 34] . Better decisions can only be made if all the stakeholders have abundant and up-to-date knowledge to tap into. It also makes a big difference if they deeply care about sustainability through internal volition. For example, it is common in the construction industry that people see sustainability as another expression of "environmental protection". Such views narrow the scope of professional responsibility, as well as the opportunities to perform beyond compliance. Table 5 describes the current quality of the body of sustainability knowledge. Respondents agree that sustainability knowledge is very subjective (4.12/0.63) and challenging to acquire (3.73/0.95). As suggested by the literature, sustainability can only be achieved though a multi-disciplinary approach, which is especially important for infrastructure development, as the knowledge is fragmentary and evolving constantly [20, 33] . Table 6 lists the main sources through which industry practitioners can obtain sustainability knowledge. People tend to find help within the organisation as colleagues and internal experts are ranked the highest (4.2/0.84, 3.92/0.84, respectively). It is common nowadays for organisations to use internal databases for information storage and applications. Many also invest heavily in computer tools that can generate various reports. However, respondents of this survey do not currently see internal databases as a highly valued knowledge resource. Reasons for this can vary. While specialised computer packages are important, better-structured catalogue systems and more user-friendly and controllable databases can be just as helpful. Furthermore, an index of expert and knowledge maps can be an efficient and applicable tool for locating sustainability knowledge.
The Body of Sustainability Knowledge
Sustainability knowledge is people-and projects-based. Thus a "subject" KM approach should be developed which puts emphasis on ways to promote, motivate, encourage, nurture or guide the process of knowing, and abolishes the idea of trying to capture, then distribute knowledge. This view mainly understands KM as a social communication process, which can be improved by collaboration and cooperation support tools. In this approach, knowledge is closely tied to the person who developed it and is shared mainly through person-to-person contacts. The main role of Information and Communication Technology (ICT) in this case is to help people to communicate knowledge, not store it.
The authors also attempted to categorise sustainability knowledge according to respondents, however taxonomy could not be built by using the survey results. The top three ranked items are lessons learned from internal projects (4.24/0.85), staff personal capabilities/skills/experience (4.06/1.05) and industry best practice (4.00/0.89). This finding echoes the observation that the main carriers of sustainability knowledge are exemplar projects, as well as experienced and knowledgeable industry professionals.
Infrastructure Stakeholder Integration
Construction professionals, from both private and public sectors, are under pressure to maximise economically feasible, socially viable and environmentally accountable project outcomes. They will require the adoption of sustainability principles during project conception, design and planning, and innovative technologies and products during construction and operation. However, due to their different level of input and their professional influence, the implementation of sustainability in a certain project always highly relies on the stances of the key stakeholders and their priorities. Table 7 lists the ranking of the influence of the main stakeholders in regard to the pursuit and management of sustainability knowledge, while Table 8 shows the current status of willingness of different stakeholders regarding the same.
The client is considered the most powerful stakeholder (4.49/0.82). This is consistent to findings in Table 5 that client's requirement is the most important driver for sustainability. Project sustainability needs to be driven from the very beginning, from the project conception and proposal stage. It also needs to involve the end-user early. Designers are the key people to embed sustainability concepts and principles into the project design while the project manager is the key person to transfer the design into the actual project by managing resources, time and providing funding. As the main stakeholders for the project, clients and designers together may source sustainability consultants for extra support. The consultant is ranked as comparatively the most enthusiastic stakeholder in sustainability knowledge pursuit and application. This is their core competitive advantage. However, the attendance and influence of the consultant in a project still depends on the endorsement of the key stakeholders, especially the client. Table 9 shows the main stages of managing sustainability knowledge in a typical KM cycle while Table 10 indicates the relative difficulties of these KM tasks. Knowledge application is seen as the most important (4.65/0.60) while also being the most challenging task ranked by the respondents (3.86/1.00). To promote infrastructure sustainability and deliver tangible results, knowledge application at the project level is the critical stage, which 'links talks to actions' while other stages may happen at the organisational level.
KM for Infrastructure Sustainability
It is interesting to see that knowledge creation is seen as the second most challenging task (3.54/1.11), however as the lowest in regards to its importance to the respondents (3.55/0.94). According to the findings of a 2002 survey by the Australian Construction Industry Forum (ACIF), the Australian building and construction industry in general is a very slow innovator, lagging behind many other sectors [35] . Today, the industry still has not changed much, as most of the respondents did not recognise the importance of knowledge creation, or at least as not high on the agenda. From the survey, a brief KM cycle for sustainability knowledge management can be proposed, which integrates "identify knowledge, obtain knowledge, share knowledge, maintain knowledge and apply knowledge", while knowledge application in the actual projects should be especially emphasised. Researchers and practitioners around the globe also consider knowledge using ("application", "execution", "processing", "utilisation" were used by different authors as well) as the most essential activity within KM. 
KM Enablers
Many factors may affect the success of KM initiatives within a project team or organization, by presenting a positive environment for knowledge management. Enablers for sustainability knowledge management were investigated and are shown in Table 11 in the order of importance.
Out of the 43 listed enablers, 35 are scored over 3.5 and 13 over 4.0 on the Likert scale. Leadership, communication skill and organisation culture are the top three enablers for sustainability knowledge management.
Due to limited space, individual enablers will not be specifically discussed here. However the survey results depict that "soft" enablers are much valued than the "hard" facilities. Managing sustainability knowledge should be driven by forming leadership, establishing supportive culture and promoting personal capability, rather than focusing on IT technology and systems. The listed enablers can be divided into four categories: external environment, organisational environment, project environment and personal capability. In order to make the infrastructure sector more knowledgeable and active in pursuit of sustainability, organisations should establish appropriate culture, integrate sustainability to their organisational mission and strategy and provide relevant training. Furthermore, in the project team, leadership formulation, target setting and multidiscipline and stakeholders integrations are indispensible. Industry practitioners should demonstrate communication skills and improve technical expertise while developing cooperation with other disciplines and arousing a sense of social responsibility. The industry as a whole should improve its innovation ability and promote the liaison between relevant experts.
Outcomes of Managing Sustainability Knowledge
As the infrastructure sector is highly project-oriented, outcomes are divided into two parts in this study: intermediate outcome, which is mainly achievable at the project level, and organisation's performance. Multi-choices questions were used to identify what outcomes could be improved by managing sustainability knowledge. As shown in Table 12 , project reputation is the top ranked project outcome (75.3%) in this regard. It is followed by employee's sense of responsibility, value delivery, organisation's ability to exploit market opportunity and customer satisfaction, which were chosen by more than half of the respondents. The top selected area in organisational performance is corporate reputation (83.3%) while customer recognition, intellectual assets and profit come next.
Many businesses have public relations departments dedicated to managing their reputation. The findings in this study explained why some leading construction contractors publish a regular Sustainability Report as part of the marketing scheme, as well as for consultancy purposes.
Although the direct link between promoting sustainability and profit has not been clearly built, half of the respondents believe profit levels can be increased through better usage of sustainability knowledge. 
A Conceptual KM Framework
The survey results brought out a number of important issues with regards to managing sustainability knowledge in the infrastructure sector. The key messages are highlighted as follows.
 Internal enablers are more important that external enablers, especially at the project level.  Enablers are mainly soft in nature. IT tools are not considered very important.  The first important driver of sustainability knowledge pursuit and application is the Awareness and Requirement of clients, who traditionally do not actively pursue sustainability knowledge.  The monitoring process for sustainability application should be entwined with project management processes throughout the project and should involve the client.  Sustainability knowledge is highly people centred. Indexing expert and best practice index can be applicable. A "subjective" KM approach should be adopted which focuses on communication and networking among industry practitioners and subject-matter experts.  Promoting industry best practice should be at the top of the action plan for the transport sector.  Sustainability knowledge application is the most important phase of the whole KM cycle; however, it is also the most challenging.  The role of knowledge creation warrants more study as the respondents ranked the importance of knowledge creation the lowest, despite they believe it is highly challenging.  According to the characteristics of sustainability knowledge, seeking consensus among stakeholders is a first priority task.  It is not often possible to increase profit through managing knowledge for sustainability, as project sustainability itself is not often directly linked to profits. However, other important aspects of organizational performance can be improved to realize profit gains indirectly.  Governments can impact on the KM of transport projects in the following ways:
o Enable KM through administering the transport infrastructure sector; o Be a knowledge provider; o Promote sustainability considerations through regulations and legislation; o Be the most influential stakeholder and the most important driver of sustainability applications (as the client of the infrastructure projects).
The above analyses provide important clues as to how to formulate strategies on managing knowledge in the transport industry sector. Accordingly, a preliminary conceptual KM framework is proposed and shown in Figure 4 .
The conceptual KM framework is organised by input, processes, and outcomes. With a focus on KM processes, it highlights the "what-to-do" aspects of an integrated knowledge management approach. Combining findings of this study and previously developed KM theories, a new KM process is proposed with recommendations on five key aspects of managing Sustainable Knowledge (SK): identify, obtain, share, apply and maintain. The framework recommends the use of specific KM strategies to facilitate KM activities such as communication of knowledgeable practitioners, recordkeeping, use and transfer of good industry practices, and stakeholder integration.
Future research will focus on "how-to-do-it" aspects according to the framework, for its potential application in construction organisations and actual infrastructure projects. The next stage of work will focus on the establishment of recommendations and action guidance for transport infrastructure practitioners. To reach this goal, interviews and case studies are considered the most appropriate mechanism. They are being carried out to elicit information. 
Conclusions
The transport infrastructure sector is characterised by its highly project-oriented nature, a relatively conservative culture, long and arduous development processes, enormous financial undertakings, and significant potential impact on the natural environment. Therefore, it is imperative for infrastructure development to respond to the sustainability challenge. While few would argue against such principles, the perspectives, priorities and indeed the actual approaches adopted by the practitioners can largely vary, thus putting project end sustainability deliverables at risk.
Knowledge management (KM) has been proven as a useful tool to promote innovation and change in many industry sectors including building construction. However, very limited studies have been done on transport infrastructure sustainability from a KM perspective. No existing KM framework provides a holistic approach to address sustainability issues in transport projects. Through a comprehensive questionnaire survey, this research explored how sustainability knowledge is currently considered in the Australian infrastructure sector and identified the main challenges for its management. The holistic conceptual KM framework proposed here outlines the important aspects and possible strategies of managing knowledge to promote sustainability.
Interviews with practitioners and case studies are now underway to explore appropriate KM enablers, their inherent relationships and implementation strategies. This will lead to the specific procedures and guidelines of KM practice suited for this sector. By investigating the various forms of sustainability knowledge, illustrating main knowledge activities and priority requirements, and suggesting effective strategies for managing sustainability knowledge, research such as this contributes to new dimensions of disciplinary knowledge and promotes infrastructure sustainability outcomes.
Within a relatively short timeframe, this research confines itself to the issues affecting the management of sustainability knowledge at the macro level of transport infrastructure projects. Future research should consider the unique characteristics of each type of transport project, as the adopted approaches in highway projects may be different to those in bridge construction. Detailed relationships between key issues may also be examined in future. For example, contrary to the notion that innovation is critical for the success of sustainable development [36, 37] , this survey found that interviewees, as transport infrastructure practitioners, see creating knowledge as the least important but the second most challenging KM activity. There may be specific reasons behind this that warrant further investigation.
